1.. Introduction {#S001}
================

Agglomeration and aggregation \[[@CIT0001]\] are natural phenomena. They are often used in food technology and in the chemical industry to produce, for example, polymers. The most important stage of wastewater coagulation is its hidden and fast hetero-flocculation \[[@CIT0002]\], which leads to the formation of sludge aggregate-flocs \[[@CIT0003],[@CIT0004],[@CIT0005]\]. Positively charged colloidal particles of Al or Fe hydroxide are attracting other negatively charged particles or molecules. Sedimentation or flotation and filtration \[[@CIT0006]\] allow for the separation of the sludge from the treated wastewater. These processes allow for the recovery of, for example, phosphorus fertilizer, whose natural sources are close to depletion \[[@CIT0007]\].

Image analysis is widely used in numerous scientific studies \[[@CIT0008],[@CIT0009]\]. The structure of sludge is closely associated with the wastewater treatment process, so the course of coagulation--flocculation \[[@CIT0003],[@CIT0010],[@CIT0011]\] or wastewater electrocoagulation \[[@CIT0012]\] must permanently influence the resulting aggregate-flocs, even mechanisms of those processes differ from each other \[[@CIT0015]\]. An advantage of electrocoagulation is also a possibility of disinfection of the wastewater treated \[[@CIT0016]\]. In turn, the documented 'self-similarity' \[[@CIT0017]\] of the objects representing parts of the sludge structure indicates their fractal characteristics \[[@CIT0018]\] and enables a determination of their fractal dimension *D* \[[@CIT0019]\]. The value *D* can determine not only the filling of space with mass but also the degree of surface jagging of the object. For example, if solid particles are filling the sphere completely, then *D* = 3; however, in case when only the cross-section of the sphere (circle) is filled, then *D* = 2. Porous objects with large specific surface areas are desirable in the so-called 'sweep flocculation' step \[[@CIT0003]\], while compact and dense parts of sludge sediment are better and are more susceptible to self-dehydration.

A differentiation of the *D* value for different sludge components may be an indicator of the mechanism of their formation process \[[@CIT0020]\]. The results of laboratory experiments \[[@CIT0025]\] showing, for example, the impact of a coagulant dose of the mean *D* of post-coagulation aggregate-flocs \[[@CIT0026]\] are known.

In the present study, the *D* values determined from the scanning electron microscopy (SEM) images of the sludge obtained during wastewater chemical coagulation or electrocoagulation, in both cases supported by an addition of organic polymer, were compared and discussed. The analysis of the database of obtained results enabled the following statement: 'the image of the sludge indicates the process of its formation'.

2.. Materials and methods {#S002}
=========================

Samples of sewage from Rzeszel (PL, 5000pe) were collected for laboratory tests from a tank after initial mechanical treatment. Synthetic dyestuff wastewater was obtained by mixing an aqueous dye solution with a solution of KH~2~PO~4~.

Coagulation jar-tests were conducted at 21°C using a microprocessor-controlled jar-test type Kemira Flocculator 2000. The addition of coagulant was followed by a 2-minute rapid mixing at 400 rpm, and a slow mixing at 20 rpm. After 30 min of sedimentation, wastewater samples from the supernatant were collected for analyses. Colour, turbidity (TU), suspended solids (SS), total phosphorus (*P* ~total~) and COD were measured by a DR 2800 HACH-Dr Lange instrument system and pH was measured by a Hanna Instruments HI 8424 pH-meter. Two types of dyes for investigated wastewater were set: *red/orange* and *HACH*. The *red/orange* colour was measured spectrophotometrically at a wavelength of *λ* = 430 (*orange*) or 460 nm (*red*), providing maximum absorbance for aqueous solution of the dye. According to the calibration curve, it was expressed in mg of synthene red/orange per 1 L of wastewater. *HACH* is so-called 'apparent colour' of wastewater, and was determined using the HACH method at *λ* = 455 nm. The unit of apparent colour is 1 unit PtCo. Usually 1 unit of colour can be considered as 1 mg per 1 L. The unit of turbidity FTU (formazine turbidity unit) is equal to NTU. For this research, changes of colour and TU were the only parameters used for the indication of wastewater purification process. PIX-113 with 18 mg Fe/L and PAX-18 with 11 mg Al/L from Kemira were used as coagulants. An optimal constant dose of 0.105 ml/L of *A* ~100~ polymer (also from Kemira) was used to assist the coagulation process.

Electrocoagulation tests were carried out on an experimental set-up constructed for the purpose \[[@CIT0027]\]. A diagram of the electrocoagulation reactor with a recirculation system is presented in [Figure 1](#F0001){ref-type="fig"}(a). Figure 1.(a) Diagram of the electrocoagulation reactor and (b) change in the applied voltage.

A saturated NaCl solution (to increase specific conductance *κ* to 0.4 S/m) and 0.105 ml/L of *A* ~100~ polymer were added to each 1 L of treated sewage. Electro-coagulated sewage was re-circulated between the electrolyser and the container. The process was performed at a constant current of *I* = 0.1 A and changes in voltage were continuously registered ([Figure 1](#F0001){ref-type="fig"}(b)). The direction of the current was alternated automatically every 256 s \[[@CIT0028],[@CIT0029]\] to clean the electrodes. A sewage sample of 1 L was re-circulated within 64 min. The pH of the recirculating sewage was maintained at 6.0 by the addition a 2 M solution of HCl. Samples for analysis were collected every 5--15 min. Their colour, TU and SS were measured and the unused sample volumes were returned to the reactor to minimize changes in the system volume. *P* ~total~ was determined only in the raw sewage and after the completion of electrocoagulation, because it was not possible to return the collected sample to the electro-coagulated system. A dosage of electrocoagulant was proportional to the time of electrolysis according to Faraday\'s law, *m* = *k·i·t,* where the electrochemical equivalent of aluminium is *k* = 27/(96500·3) = 9.3·10^−5^ g·A^−1^·s^−1^.

The presence of red dyes in wastewater is particularly undesirable for the recipient environment. Therefore, two kinds of synthetic wastewater used in this research were obtained by mixing KH~2~PO~4~, NaCl and *A* ~100~ polymer in water solution with the following dye: (a) Synten Red P-3BL or (b) Synten Orange P-4RL, respectively. It has already been proved that dyes without P--PO~4~ are not susceptible to chemical coagulation or electrocoagulation \[[@CIT0027]\], but the mixture combining the dyes with phosphate ions meant that they were highly sensitive to coagulation and electrocoagulation. Hence, 1 L of synthetic wastewater contained 50 mg of the respective dye, 100 mg of P (P--PO~4~), NaCl and 0.105 ml/L of *A* ~100~ polymer. A wastewater sample of 1 L was recirculated like sewage within 64 min but at the higher *I* = 0.3 A. The sample\'s red colour was measured by spectrometry (using the research team\'s own calibration curve) at 460 nm and at 430 nm for red and orange, respectively, and transformed into the dye concentration. As with the tests with sewage, the unused sample volumes were returned to the reactor to minimize changes in system volume, and therefore *P* ~total~ was determined only in the raw sewage and after the completion of electrocoagulation, because similar to sewage, it was not possible to return the collected sample to the electro-coagulated system. The applied doses of electrocoagulant nearly completely removed all of the total phosphorus and dye from the treated wastewater.

Finally, five types of sludge were obtained: two from sewage coagulation, one from sewage electrocoagulation and two from synthetic wastewater electrocoagulation. They were dried at 105°C (standard methods) at which any degradation of phosphorus compounds was not expected. Then a 1--2 mm fraction was separated on mesh screens and examined under a *Quanta FEG 250* Scanning Electron Microscope. Images from five sample locations (areas close to the four corners and the centre of the sample) were registered. Each of those five images was processed with an Image Analysis program (NIS-Elements Basic Research on Nikon). Thresholding was used and a binary image obtained. After a preliminary analysis of the images in NIS, the level of 105/106 was selected as the threshold limit because such conditions provided the clearest outline of the contours of the studied objects. This threshold level ensured maximal representativeness of jagged and uneven outlines and other morphological features of the analysed image. By clicking on a given white image, similar objects were automatically indicated in the analysed image. The selection of a white object was to eliminate all disturbances caused by black surface cracks, which were observed in selected images. The perimeter (*P*) and area (*A*) of medium and large objects were measured, and then log *A* vs. log *P* plots were obtained. As the analysed objects were self-similar, therefore their 'surface' fractal dimension *D~a~* was calculated from the slope of the respective log *A* = *f*(log *P*) line \[[@CIT0020],[@CIT0030]\]. The procedure is described in more detail in the Results and Discussion section.

3.. Results and discussion {#S003}
==========================

3.1.. Characteristics of treated wastewater {#S003-S2001}
-------------------------------------------

Chemical treatment of the sewage by PAX is presented in [Table 1](#T0001){ref-type="table"}. In the end, 100% of TU, approximately 90% of colour SS and *P* ~total~ were removed from 1 litre of sewage treated with 38.6 mg Al from PAX. Table 1.Sewage treated with PAX (1--sewage/PAX); primary COD~0~ = 1170 → final COD*~f~* = 603.Al dose (mg/L)Colour (mg/L)SS (mg/L)*P*~total~ (mg/L)TU (NTU)pH0460065013.203157.901.22226032010.201327.734.9012401507.60377.728.578601005.75137.7012.24620703.9007.7018.36620702.8507.61**38.60480501.5507.53**

The pH decreased from 7.9 (untreated sewage) to 7.53 (final treated). The sludge, now called '1--sewage/PAX' was obtained in that manner. Even half of this PAX dose resulted in 100% removal of TU, 87% of colour, almost 90% of SS and 80% of *P* ~total~ from the sewage treated.

Chemical treatment of the sewage by PIX is presented in [Table 2](#T0002){ref-type="table"}. Similar to PAX, 100% of TU, approximately 90% of colour, SS and *P* ~total~ were removed from 1 L of sewage treated with 45.9 mg Fe from PIX. Table 2.Sewage 2 treated with PIX (2--sewage/PIX); primary COD~0~ = 1170 → final COD*~f~* = 675.Fe dose (mg/L)Colour (mg/L)SS (mg/L)*P*~total~ (mg/L)TU (NTU)pH0460065013.203157.903.6722903109.681357.827.3417702408.55797.8211.0111901506.34317.7618.369801205.05157.7127.549401103.52147.61**45.90520501.5807.40**

The level of pH decreased from 7.9 (untreated sewage) to 7.40 (final treated). The sludge, now called '2--sewage/PIX' was formed in that manner. A bit more than half of this PIX dose resulted in 95% removal of TU, 80% of colour, 83% of SS and 73% of *P* ~total~ from the sewage treated. Purification results achieved with PIX were a little worse compared to PAX, which was anticipated due to the slightly less molar dosage at a less favourable coagulation pH.

Electrocoagulation of the sewage is presented in [Table 3](#T0003){ref-type="table"}. In the end, 100% of SS and TU, approximately 92% of colour and 95% of *P* ~total~ were removed from 1 litre of sewage treated with *m* = 9.3·10^−2^·3600·0.1 = 33.48 mg Al. Table 3.Sewage 3 electrochemically treated (3--sewage/electro); primary COD~0~ = 527 → final COD*~f~* = 305.Time (s)TU (NTU)Colour (mg/L)SS (mg/L)*P*~total~ (mg/L)COD (mg/L)0237316047016.65273001652670380  6001362350320  9001132130280  1200961940260  1500701610210  2400391250150  36002465070  After 1800 s of sedimentation**026500.86305**

Therefore, the sludge, now called '3--sewage/electro', was formed that way and the sample of it was taken out after 1800 seconds of sedimentation. Before the sedimentation, the quality of supernatant was worse -- see the second-to-last line in [Table 3](#T0003){ref-type="table"}. The results achieved here by sewage electrocoagulation appeared a little better compared to chemical coagulation.

Electrocoagulation of the synthetic wastewater (orange) is presented in [Table 4](#T0004){ref-type="table"}. In the end, almost 100% of TU, 94% of SS, 88% of dye and 93% of *P* ~total~ were removed from 1 L of wastewater treated with *m* = 9.3·10^−2^·3600·0.3 = 100.44 mg Al. Table 4.Orange wastewater 4 electrochemically treated (4--orange/electro).Time (s)TU (NTU)Dye conc. (mg/L)SS (mg/L)*P*~total~ (mg/L)01095020010090010395168 18008765126 27006357109 3600484497 After 1800 s of sedimentation**16.1127.1**

The Al dose here was 3 times higher (here *I* = 0.3 A) than with sewage electrocoagulation (*I* = 0.1 A). Therefore, the sludge, now called '4--orange/electro' was obtained in this manner and the sample was taken out after 1800 s of sedimentation. Before sedimentation, as in sewage ([Table 3](#T0003){ref-type="table"}), the quality of supernatant was worse; see the second-to-last line in [Table 4](#T0004){ref-type="table"}. The purification results achieved with sewage electrocoagulation ([Table 3](#T0003){ref-type="table"}) were comparable to that achieved here ([Table 4](#T0004){ref-type="table"}).

Electrocoagulation of the synthetic wastewater (red) is presented in [Table 5](#T0005){ref-type="table"}. In the end, 100% of SS, 95% of TU, 93% of dye and 95% of *P* ~total~ were removed from 1 L of wastewater treated the same as orange wastewater, then with *m* = 9.3·10^−2^·3600·0.3 = 100.44 mg Al. Table 5.Red wastewater 5 electrochemically treated (5--red/electro).Time (s)TU (NTU)Dye conc. (mg/L)SS (mg/L)*P*~total~ (mg/L)06350104100900509783 1800396773 2700224551 3600203345 After 1800 s of sedimentation**33.504.9**

The sludge, now called '5--red/electro' was formed in that manner. According to expectations, before sedimentation the quality of supernatant was worse. Purification results achieved with sewage electrocoagulation ([Table 3](#T0003){ref-type="table"}) and orange wastewater ([Table 4](#T0004){ref-type="table"}) were comparable to that achieved here ([Table 5](#T0005){ref-type="table"}).

Usually the polymer addition improved purification of both sewage and synthetic wastewater. The purification improvement also depends on the structure of obtained sludge particles, as their adsorption ability strongly depends on their specific surface area.

3.2.. Image analysis data and conversion {#S003-S2002}
----------------------------------------

Five selected regular images ([Figure 2](#F0002){ref-type="fig"}(a)) and five high-contrast images ([Figure 2](#F0002){ref-type="fig"}(b)) are presented in [Figure 2](#F0002){ref-type="fig"}. Similar SEM images were already described by Verma \[[@CIT0031]\]. The images shown in line (a) of the photos were enhanced with maximum contrast and presented in line (b). Figure 2.Selected examples of SEM images of five sludge types: (a) regular and (b) maximum contrast. 1--sewage/PAX, 2--sewage/PIX, 3--sewage/electrocoagulation, 4--orange/electrocoagulation, and 5--red/electrocoagulation.

Then, the resulting images reveal clear contours of the shapes identifiable in the SEM photos.

Sewage images (1, 2 and 3) differ from the synthetic wastewater ones (4 and 5). The surface in images 4 and 5 (dye wastewater) is rather regular, while the surface in image 3 (sewage electrocoagulation) is particularly varying. Images 1 and 2 (chemical coagulation) are a bit similar to each other and differ much from image 3 (electrocoagulation). A small difference between image 1 (PAX) and 2 (PIX) can be attributed to the spherical shape of {Al(OH)~3~} colloidal particles and the rod-like and cylindrical shape of the {Fe(OH)~3~} particles \[[@CIT0032],[@CIT0033]\]. Images 4 and 5 are characterized by minor structural differences.

The descriptions of the SEM images can be further developed, but this approach does not produce constructive or fundamental conclusions. The presence of jagged and uneven structures is difficult to quantify with the naked eye, and qualitative and quantitative comparisons supporting the classification of the analysed images into groups are impossible to perform. However, the NIS-Elements Basic Research software (Nikon, Japan) facilitates observations and the comparison of complex structures in the analysed images. This procedure emphasized certain characteristic shapes, traits and differences. Hence, the observed variations could be quantitatively confirmed in successive parts of this work.

The predominant size of the analysed objects and the subjective contrast of the images shown in [Figure 2](#F0002){ref-type="fig"} did not affect self-similarity. The values of the determination coefficient are in the range of 0.95--0.98, therefore, self-similarity can be considered as statistical. The Image Analysis application measured area *A* and perimeter *P* for all objects. The resulting data were further used to develop log *A* vs. log *P* plots and charts illustrating the distribution of object dimensions.

Examples of log *A* vs. log *P* plots for five images, shown in [Figure 2](#F0002){ref-type="fig"}, are presented in [Figure 3](#F0003){ref-type="fig"}. Figure 3.Selected examples (as in [Figure 2](#F0002){ref-type="fig"}) of *lg A* ∼ *lg P* plots and distribution charts of five sludge types: 1--sewage/PAX, 2--sewage/PIX, 3--sewage/electrocoagulation, 4--orange/electrocoagulation, and 5--red/electrocoagulation.

The direction coefficient values (1.02--1.13) in the equations on the graphs ([Figure 3](#F0003){ref-type="fig"}) indicated a low filling of the cross-section by mass, meaning that when the filling is complete, then *A* = *P* ^2^. They are accompanied by charts illustrating the distribution of *R* values (in μm) of surface objects to determine 'volume' fractal dimension *D~v~*. The database in [Figure 3](#F0003){ref-type="fig"} is described in detail in successive parts of this paper. It was also used in further calculations, simulations and models of sludge aggregate-flocs obtained by chemical coagulation and electrocoagulation.

The analysis was focused on objects characterized by significant variations in diameter size, from 29.7 to 71.2 μm. The range of variations in objects selected from the surface of the examined images seemed to be sufficient to ascertain the self-similarity of the analysed objects. The parameter that validates the significant self-similarity of the identified objects was the high value of determination coefficient *R^2^*, which was calculated separately for every log *A* vs. log *P* plot. In all plots, *R* ^2^ always exceeded 0.95. This implies that the applied mathematical model of log *A* = *f*(log *P*) may fit the set of sludge images. The mean value of the slope (direction coefficient of the strait line equation) was further treated as 'area' fractal dimension *D~a~*.

The mean value of *D~a~*, together with standard deviation SD, is presented in [Table 6](#T0006){ref-type="table"}. Table 6.*D~a~* -- values, standard deviations of *D~a~* and *D~v~* -- values.WW type1-sew/PAX2-sew/PIX3-sew/electro4-orange/electro5-red/electro*D~a~*1.08141.02441.15781.10681.1223SD0.01700.00750.02690.01160.0116*D~v ~= D~a~*^1.5^1.12461.03681.24611.16441.1889

The self-similarity of objects identified on the surface of the SEM images of sludge may indicate their fractal nature and structure. The accumulated data support the determination of surface fractal dimension *D~a~* \[[@CIT0030]\] for every group of analysed objects. Slope (slant) *s* determined for every log *A* vs. log *P* plot and raised to the power of 1.5 was further used as statistical extrapolation of surface fractal dimension *D~a~* to volumetric fractal dimension *D~v~.* It was assumed that flat jagged edges and uneven sludge surfaces can be 'extrapolated into space\'. It was also assumed that *D~v~* is only a statistical 'number\', which is proportional to real fractal dimension *D* of aggregates forming the surface structure of the analysed sludge. In this sense, the value of *D~v~* is not suitable for direct calculations, but it can be used to a *limited extent* in comparisons of the analysed object groups, that is, Al sludge and Fe sludge. The condensed structure of spherical Al sludge (higher *D~v~*) and the jagged and porous structure of rod/wire-shaped Fe sludge (the lowest *D~v~*) were thus mathematically validated again \[[@CIT0027]\]. More condensed structures in sludge obtained by electrocoagulation compared to PAX sludge were noticed as the sewage electrocoagulation sludge appeared more compact than dye wastewater sludge.

3.3.. Structure of the analysed aggregates {#S003-S2003}
------------------------------------------

Coagulation and electrocoagulation of both sewage and synthetic wastewater creates agglomerates, aggregates and then finally the sludge flocs. The resulting aggregates contain colloidal particles of Al or Fe hydroxide and (a) P--PO~4~, (b) organic polymer and/or (c) organic substances COD (sewage) or (d) dye D (synthetic wastewater). Other compounds such as NaCl and HCl contributed to a minor increase in the ionic strength of the solution. The unit for modelling aggregation--flocculation of sewage is presented schematically in [Figure 4](#F0004){ref-type="fig"}. Both negatively charged P--PO~4~ and compounds responsible for COD were directly connected to the surface of colloidal adsorbent {Al(OH)~3~} from PAX or Al-electrodes (electrocoagulation) or {Fe(OH)~3~} from PIX, respectively. Figure 4.Sorption model of negatively charged P--PO~4~ and COD from sewage on a positively charged colloidal hydroxide particle: (a) spherical Al and (b) cylindrical Fe.

A schematic model for the aggregation/flocculation of sewage was proposed that is presented in [Figure 4](#F0004){ref-type="fig"}.

COD might form a direct bridge to the colloidal particle of {Al(OH)~3~} or {Fe(OH)~3~}, while the polymer (P) might establish an indirect attraction by using up COD or P--PO~4~ bridges. Compared to models described earlier \[[@CIT0029]\], those models are a bit more complicated. The aggregates formed with the polymer support might be larger because of the possibility of another indirect bridge, such as:

A schematic model for the aggregation/flocculation of day wastewater was proposed that is presented in [Figure 5](#F0005){ref-type="fig"}. Figure 5.Sorption model of negatively charged P--PO~4~ and dye *D* bridging to a positively charged colloidal hydroxide particle: (a) spherical Al and (b) cylindrical Fe.

In this case, a negatively charged P--PO~4~ was directly connected to the adsorbent surface (as in [Figure 4](#F0004){ref-type="fig"}), but probably the positively charged dye had to be attracted to the adsorbent surface by P--PO~4~ bridge like the COD was. A dye (D) could establish here a secondary indirect bridge by P--PO~4~. Compared to models described earlier \[[@CIT0027]\], those models are also more complicated. As with the models in [Figure 4](#F0004){ref-type="fig"}, the aggregates formed with the polymer support should be larger, although the possibility of an indirect bridge such as:

is rather excluded, with regard to the small size of the dye particle.

At pH \< 6, colloidal particles of Al and Fe hydroxides and also a majority of hydrolysis species are positively charged \[[@CIT0034]\]. The above {Al(OH)~3~} and {Fe(OH)~3~} ([Figures 4](#F0004){ref-type="fig"} and [5](#F0005){ref-type="fig"}) sols are stable due to electrostatic repulsion between particles, therefore they can start acting as colloidal adsorbents. The surface of adsorbent particles features negatively charged phosphate ions ([Figures 4](#F0004){ref-type="fig"} and [5](#F0005){ref-type="fig"}) and COD ([Figure 4](#F0004){ref-type="fig"}). Phosphate ions, in turn, can be covered with dye particles, therefore P--PO~4~ forms probably a kind of bridge for a bit positive charged particle of dye, such as Synten Orange P-4RL and/or Synten Red P-3BL. As described previously \[[@CIT0027]\], dye particles alone cannot be adsorbed on the surface of colloidal Al and Fe hydroxides. It was experimentally demonstrated many times that the addition of an aqueous solution of Al^3+^ or Fe^3+^ ions to an aqueous dye solution does not destabilize such a system, because coagulation and electrocoagulation do not take place, flocs are not formed in the system, and the red colour of the solution persists. However, such a system, only in the presence of phosphates, is easily destabilized by coagulation or electrocoagulation, and then dyes are completely removed from effluents. One explanation could be that the phosphate adsorbed on the surface of a colloidal adsorbent significantly compresses the electrical double layer responsible for the stability of the colloidal solution.

Phosphate ions, during a complexation or sorption process on colloidal sorbents of {Al(OH)~3~} or {Fe(OH)~3~} type, may destabilize these colloids, initiating the aggregation process. Such single aggregates as {Al(OH)~3~} -- \[P--PO~4~\]} can agglomerate by indirect bridges, forming binary aggregates of {Al(OH)~3~} -- \[P--PO~4~\] -- \[D\] -- \[P--PO~4~\] -- {Al(OH)~3~} type, which may be removed from the treated wastewater, for example, in the process of 'sweep flocculation'. Practically, during coagulation or electrocoagulation, always \>90% of P--PO~4~ and \>90% of the dye pass from the liquid wastewater phase to the sludge.

Models of aggregates presented in [Figures 4](#F0004){ref-type="fig"} and [5](#F0005){ref-type="fig"} may form a unit that can be theoretically considered a component of floc. Hence, the data from [Figure 3](#F0003){ref-type="fig"} (size of aggregate) and [Table 6](#T0006){ref-type="table"} (fractal dimension) are used for calculating some statistical units of flocs responsible for the structure of the sludge obtained in this study: sewage/PAX = 342 {Al(OH)~3~} aggregates,sewage/PIX  = 269 {Fe(OH)~3~} aggregates,sewage/electrocoagulation  = 1921 {Al(OH)~3~} aggregates,orange/electrocoagulation  = 780 {Al(OH)~3~} aggregates,red/electrocoagulation  = 1108 {Al(OH)~3~} aggregates.

A comparison of the calculated numbers indicates that every volumetric unit of sewage/PIX (diameter ≈ 39 µm) contains only 269 aggregates, the sewage/PAX (diameter ≈ 30 µm) contains 342 aggregates, and the sewage/electrocoagulation (diameter ≈ 71 µm) contains as much as 1921 aggregates. Every volumetric unit of orange/electrocoagulation (diameter ≈ 50 µm) contains 780 and red/electrocoagulation (diameter ≈ 60 µm) 1108 aggregates. Therefore, the differences between the examined objects were quantified. The respective number of units in the analysed aggregates was extrapolated to the projection of a given aggregate-floc onto a plane: sewage/PAX (342)^0.66^ = 47 {Al(OH)~3~} aggregates,sewage/PIX (269)^0.66^ = 40 {Fe(OH)~3~} aggregates,sewage/electrocoagulation (1921)^0.66^ = 147 {Al(OH)~3~} aggregates,orange/electrocoagulation (780)^0.66^ = 81 {Al(OH)~3~} aggregates,red/electrocoagulation (1108)^0.66^ = 102 {Al(OH)~3~} aggregates.

Spherical {Al(OH)~3~} aggregates and cylindrical {Fe(OH)~3~}aggregates were further arranged in a circle with a suitable diameter proportional to its size and succeeding models are presented in [Figure 6](#F0006){ref-type="fig"}. Five different structures of cluster-units of the sewage and wastewater flocs (described in [Figure 3](#F0003){ref-type="fig"} and in [Table 6](#T0006){ref-type="table"}) are presented schematically in [Figure 6](#F0006){ref-type="fig"}. Figure 6.Estimated structure of a cluster-unit: 1--sewage/PAX, 2--sewage/PIX, 3--sewage/electrocoagulation, 4--orange/electrocoagulation, 5--red/electrocoagulation.

As the quality and structure of sludge seems to be an important technological parameter, therefore the structure of analysed sludge objects was simulated with model {Al(OH)~3~} colloidal particles with average diameter of *R* = 165 nm proposed by Macedo \[[@CIT0035]\] and cylindrical {Fe(OH)~3~} particles. Due to an absence of uniform data regarding the size of {Fe(OH)~3~} cylinders \[[@CIT0032]\], the length of a colloidal {Fe(OH)~3~} particle equal to the diameter of a spherical {Al(OH)~3~} particle, that is, 165 nm, was used both in this modelling and in further calculations. As not enough data were obtained to prove the bridges:

they were not considered in the cluster-units modelling, although some further considerations indicate such a possibility.

The distribution charts in [Figure 3](#F0003){ref-type="fig"} indicate an average size in the width, ranging from 29.7 µm (1--sewage/PAX) to 71.2 µm (3-sewage/electrocoagulation) for the modelled cluster-units presented in [Figure 6](#F0006){ref-type="fig"}. Contrary to previous models arranged in a circle with the same diameter \[[@CIT0025],[@CIT0027]\], here the modelled cluster-units are contained in their real circle, according to their real size. Therefore, [Figure 6](#F0006){ref-type="fig"} shows a larger cluster-unit of flocs obtained by electrocoagulation than those formed in chemical coagulation. A little larger cluster-unit at PIX than at PAX application is observed, as a larger cluster-unit for sewage electrocoagulation was modelled compared to the cluster-unit obtained from dye wastewater electrocoagulation. Compared to previous data obtained with no polymer application \[[@CIT0027],[@CIT0029]\], here the variation of cluster-unit sizes in general is much higher. The sizes of the cluster-units of sludge obtained by chemical coagulation (sewage/PAX and sewage/PIX) is approx. two times less than those obtained without polymer \[[@CIT0027],[@CIT0029]\], but the sizes of the cluster-units obtained by electrocoagulation are close to those without a polymer. A few times, a lower number of particles in every cluster-unit were responsible for much lower *D~v~* values. There are two possible explanations for that: some 'dimers' like {Al(OH)~3~} -- \[P--PO~4~\] -- \[P\] -- \[P--PO~4~\] -- {Al(OH)~3~} and/or {Fe(OH)~3~} -- \[P--PO~4~\] -- \[P\] -- \[P--PO~4~\] -- {Fe(OH)~3~} were involved into the cluster-unit formation,the cluster-units obtained with polymer support were swelling with water.

If (a), then a more compact structure of cluster-units formed with larger particles (dimers) can be expected. If (b), then more troubles involved in dewatering such sludge can be expected. Similar sizes of electrocoagulation cluster-units obtained both without and with the use of polymer and a higher number of particles per cluster-unit may indicate less of an effect of polymer on electrocoagulation of wastewater compared to chemical coagulation. An explanation of this phenomenon could be the availability of polymer in those processes. Anode dissolution in electrocoagulation is only a surface process, when less availability of polymer is noticed, while chemical coagulation runs in all volumes, when polymer can be more engaged. The anodic process in the system is Al dissolution, according to the equation: Al^0^→Al^3+^ + 3e^−^.

In general, the quality and structure of various types of sludge can be compared quantitatively based on the determined values of fractal dimension *D~v~* of aggregates in a given cluster-unit and also on the given cluster-unit size. The variations in the value of *D~v~* are determined by at least three principal sludge parameters: (a) sorption capacity \[[@CIT0001],[@CIT0003]\], (b) susceptibility to sedimentation or floating \[[@CIT0024]\] and (c) susceptibility to dehydration. Sludge aggregates with well-developed and jagged surface structures are therefore characterized by a lower value of *D~v~*, and have a greater ability to adsorb pollutants during sweep flocculation \[[@CIT0001],[@CIT0003]\] than aggregates characterized by a more compact structure (higher value of *D~v~* and smaller specific surface area). Sludge formed by aggregates with a lower value of *D~v~* should be easier to separate from the phase of effluents treated by flotation than sedimentation. In theory, sludge with lower *D~v~* should be less susceptible to dehydration or even 'self-dehydration' \[[@CIT0017]\], than sludge with higher *D~v~*. This observation is debatable, as Waite \[[@CIT0024]\] argued that SO~4~ ^2−^ ions present in PIX are responsible for the 'structural' decomposition of sludge flocs and that 'looser' aggregates support filtration (sludge separation) and dehydration of filtered sludge.

Another important parameter of the examined sludge is the size of its cluster-unit. These units may determine a floc\'s structure. Small and dense cluster-units obtained from sewage treated with PAX should form compact flocs, which leads to a low water content and therefore easier dewatering process. Still small but less dense cluster-units (lower *D*) obtained from the sewage treated with PIX probably contain more water. Earlier research has showed \[[@CIT0036]\] that pre-polymerized coagulants (PAX) favour the 'adsorption-charge neutralization' mechanism, which warrants more efficient purification of effluents. Electrocoagulation of both the sewage and the synthetic (dye) wastewater forms a larger cluster-unit than chemical coagulation. The loose structure of flocs formed by such cluster-units can be expected here, even high values of *D* in the aggregates creating those cluster-units. Considering both: (a) the fractal dimension *D* of the aggregate and (b) size of the cluster-units makes possible the sludge description and characterization.

4.. Conclusions {#S004}
===============

The applied image analysis method proved that the examined wastewater sludge was composed of self-similar aggregate-flocs with fractal properties, and hence log *A* vs. log *P* plots (*A* -- area, *P* -- perimeter) supported the determination of surface fractal dimension *D~a~*. SEM images and the value of volumetric fractal dimension *D~v~* (extrapolated from *D~a~*) quantitatively described sludge aggregate-flocs. Sludge aggregates obtained with polymer support contained substantially fewer particles than those obtained without polymer. Our experiment revealed again that phosphate ions are required for the destabilization of colloid-dye systems. A model for P--PO~4~, COD and dye sorption on a colloidal sorbent comprising Al(OH)~3~}, {Fe(OH)~3~} and polymer was developed. The technological consequences of the impact exerted by *D~v~* of aggregates and size of cluster-unit on sweep flocculation, effluent separation and dehydration were defined based on a graphic simulation of cluster-unit made of {Al(OH)~3~} and {Fe(OH)~3~} particles. Both, fractal dimension *D* of the aggregate and the size of the cluster-unit make possible the sludge description and characterization.

Disclosure statement {#S005}
====================

No potential conflict of interest was reported by the authors.
